Zea mays chloroplast DNA-dependent RNA polymerase in vitro preferentially transcribes maize chloroplast DNA sequences incorporated in cloned chimeric bacterial plasmids. Preferential transcription is dependent on the presence of a 27.5-kilodalton polypeptide, the S factor, which has been purified from maize chloroplasts, and also on the template's being in the supercoiled form.
Zea mays chloroplast chromosomes occur largely or entirely as 91.1 X 106-dalton supercoiled circles (1) in vivo. To study the effect of the physical form of the template on specificity of transcription by maize chloroplast (cp) RNA polymerase (RNA-P), we constructed chimeric bacterial plasmids (2) (3) (4) containing small defined maize cp DNA sequences and cloned them in Escherichia coli to use as templates for the polymerase. This is a step towards developing an in vitro system capable of mimicking transcription of chloroplast genes as it occurs in vivo.
Expression of the chloroplast gene for the large subunit of ribulose bisphosphate carboxylase is transcriptionally regulated in the differentiation of bundle sheath from mesophyll cells in Zea mays leaves (5) and the expression of the chloroplast chromosome's photogene 32 is transcriptionally controlled during photoregulated plastid development (6, 7) . cp RNA-P transcriptional activity also rises sharply during light-induced plastid maturation (8, 9) . Reconstituted systems capable of selective transcription of chloroplast genes in nitro would greatly facilitate analyses of these (5, 6) developmental programs for which transcriptionally regulated genes have been cloned.
Maize plastid RNA polymerase, in a highly purified form (10, 11) , is comprised of polypeptides of about 180, 140, 100, 95, 85, and 40 kilodaltons (kDal). We describe here a 27.5-kDal polypeptide (designated S) from maize plastids that accelerates transcription of circular DNA by maize plastid RNA-P and promotes this enzyme's preferential transcription in vitro of maize cp DNA sequences inserted into bacterial plasmids. Selectivity depends upon the template DNA's being in a supercoiled form.
MATERIALS AND METHODS
DNA. The plasmid pZmcl34 is a chimera of pMB9 plus EcoRI fragments a and 1 of maize cp DNA (3, 12, 13) . EcoRI fragment a contains cp rRNA genes plus unidentified sequences. The plasmid pZmcl50 is a chimera of pMB9 and maize cp DNA EcoRI fragment 1. Supercoiled plasmid DNA was purified from bacterial lysates by CsC12/ethidium bromide density gradient centrifugation (13 16 hr by fluorescent lamps. Intact chloroplasts were isolated and purified by sucrose gradient centrifugation as described (10, 17) . Plastid fragments were washed twice with magnesium-free buffer containing 25 mM Tricine-KOH (pH 8.5), 40 mM 2-mercaptoethanol, and 50,g of phenylmethylsulfonyl fluoride (PhMeSO2F) per ml. The pelleted plastid fragments were suspended in an equal volume of the above buffer. RNA-P was solubilized by incubating the plastid suspension at 37°C for 20 min with occasional agitation. After centrifugation at 27,000 X g for 30 min, the supematant was loaded directly onto a DEAE-cellulose column for further purification of RNA-P and preparation of factor S.
Abbreviations: RNA-P, DNA-dependent RNA polymerase; cp, chloroplast; PhMeSO2F, phenylmethylsulfonyl fluoride; kDal, kilodaltons; kbp, kilobase pair(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (17) . RESULTS Isolation of Maize cp RNA-P S Factor. As shown in Fig. 1 Table 1 with pZmcl34 DNA). Sometimes, particularly when the scale of purification was increased, preparations contained small amounts of DNA. Rechromatography of the S factor-containing fraction through a DEAE-cellulose column and elution by a step gradient generally removed nearly all DNA from the S factor preparation. (Omission of magnesium from the elution buffer increased the yield of DNA-free S factor but the recovery of RNA-P activity was lower.)
For further purification, S factor eluted from DEAE-cellulose (e.g., in about 1.5 ml) was dialyzed against buffer containing 50 mM Tris-HCl (pH 8), 50 mM KCI, 5 mM MgCl2, 40 mM 2-mercaptoethanol, 50 ,g of PhMeSO2F per ml, and 30% glycerol and applied to a small (0.6 X 5 cm) phosphocellulose column equilibrated with the same solution. S factor eluted at or shortly behind 1 column vol.
Additional purification of S factor was by filtration through Sephadex G-150 (0.8 X 115 cm column equilibrated with 50 mM Tris-HCI, pH 8.0/50 mM MgCl2/40 mM 2-mercaptoethanol/10% glycerol/50,ug of PhMeSO2F per ml. One milliliter of S-containing solution eluted from phosphocellulose was applied to the Sephadex column calibrated with blue dextran, bovine serum albumin (68 kDal), ovalbumin (43 kDal), carbonic anhydrase (29 kDal), and cytochrome c (12.4 kDal) . S eluted at about the 26-kDal position. Electrophoresis on a denaturing polyacrylamide gel revealed a single major band of approximately 29 kDal (Fig. 2) . The mean value, 27.5 kDal, is used in this text.
S is completely inactivated by Pronase or by boiling for 5 min but is not inactivated by heating to 50°C for 5 min at pH 8. As shown in Table 2 , S does not replace the a factor of E. coli RNA-P nor does the bacterial a factor replace the S in the maize cp RNA-P transcription rate assay.
Purified rho factor from E. coli catalyzes RNA-dependent hydrolysis of ribulonucleoside triphosphate to the diphosphate and inorganic phosphate (21) . Maize S displays no ATPase activity in a test with poly(C) and [-y-32P]ATP.
That S does not affect transcription by permanently altering the DNA template was shown by incubating pZmcl34 DNA with or without this polypeptide or without cp RNA-P at 37°C for 60 min and then analyzing the DNA by gel electrophoresis on 0.75% agarose. The proportions of supercoiled and circular (relaxed plus open circular) DNA were unchanged regardless of the presence of RNA-P or S in the incubation mixture. In another experiment supercoiled pZmcl34 DNA (13 Fig. 3 . Table 1 shows the effect of S on transcription of various DNAs by cpRNA-P. Supercoiled pZmcl34 DNA was separated from relaxed and open circular forms by CsCl2/ethidium bromide density gradient centrifugation (13) . Each fraction was estimated to be about 95% pure by agarose gel electrophoresis. Supercoiled and circular DNAs were transcribed equally rapidly and the rate was increased by S to the same extent. Transcription of denatured and of endonuclease-digested pZmcl34 DNA was rapid but unaffected by S. Transcription of "native" or denatured calf thymus DNA was not affected by S.
Highly purified maize nuclear RNA-P II (22) transcribed (Fig.  6 A and B) . This order of magnitude difference in transcriptional preference is about the same or greater than the stimulatory effect of S on RNA synthesis (Table 1 ). E. colh RNA-P acts similar to cp RNA-P minus S on pZmcl5O DNA (Fig. 6C) ; the transcription ratio was 1.6. To control the state of the DNA template better than in the experiments shown in Fig. 4 , we incubated supercoiled pZmcl5O DNA with E. coli w protein (23) until all the DNA was relaxed as assayed by gel electrophoresis. S accelerated the transcription of the enzymatically relaxed circular and supercoiled DNAs by cp RNA-P to about the same extent. However, quantitative hybridization showed that, by using enzymatically relaxed circular pZmcl5O DNA as a template, the transcription ratio of fragment 1 to pMB9 was 1:1 without S and 2.5:1 with S ( Fig. 7) -i.e., the transcription of 1 in the relaxed plasmid was favored only slightly by S compared with the effect on supercoiled pZmcl50.
The effect of S on the specificity of DNA strand transcription by cp RNA-P was studied as follows: Fragment 1 from pZmclSO was purified by sucrose density gradient centrifugation and denatured, and the two strands were separated by agarose gel electrophoresis (24) . The separated DNA strands were transferred to nitrocellulose filter strips (14) 
DISCUSSION
The reconstituted RNA-synthesizing system comprised of DEAE-cellulose-purified cp RNA-P plus the S polypeptide from maize chloroplasts preferentially transcribes chloroplast genes from supercoiled chimeric plasmid DNA propagated in E. coli. The S factor affects the transcription of some cp DNA sequences within EcoRI fragment a more than others (Fig. 4) .
Thus, it would not be surprising to find other specificity-stimulatory factors in the chloroplast. The total range of effectiveness of S on cloned segments of the chloroplast genome remains to be explored but'S does promote the preferential transcription by cp RNA-P of the gene for the large subunit of ribulose-bisphosphate carboxylase in a chimeric plasmid (unpublished results).
The experiments described show that, at least with this polymerase and the genes studied here, transcription is more highly selective for homologous genes when the template is supercoiled than when it is relaxed. These data are in line with the observation that inhibitors of DNA gryase differentially affect production of polypeptides from DNA templates in vitro when an E. coli S-30 extract (25) 
